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Abstract
In a long-term perspective, deep emissions cuts are essential for a stabilization of atmospheric GHGs. We analyze a role of 
CCS in a global energy systems model, which we call DNE21+. The DNE21+ is a technology-rich optimization model that 
minimizes energy systems costs under some constraints, e.g., global emissions path, electricity demand, and steel production. The 
model also has a high regional resolution and the trajectory of technological changes shall be a practical one because the vintages
and lifetimes of the facilities are taken into account inside the model. 
Three cases are studied; i) reference, ii) 550 ppmv CO2-only stabilization and iii) 50% reductions by 2050 (50/50) cases. The 
results indicate that a moderate diffusion of CCS in power sector and more efficient blast furnace – basic oxygen furnace (BF-
BOF) technologies are cost-effective options in the 550 ppmv case. In contrast the results in the 50/50 case are radical solutions.
Almost fossil-fuel and bio-fuel power plants have CCS facilities in 2050. BF-BOFs are replaced with most efficient BF-BOFs 
with CCS and H2-based DRI-EAFs. Discussion for global emission target/vision should explicitly consider these aspects of 
radical technology diffusion. 
© 2008 Elsevier Ltd. 
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1. Introduction 
In a long-term perspective, deep emissions cuts are essential for a stabilization of atmospheric GHGs. IPCC [1] 
classified different stabilization scenarios as six categories in the forth assessment reports. These six categories are 
covering wide range of stabilization levels. Recent G8 summits mentioned the goal/vision of achieving at least 50% 
reduction of global emissions by 2050, which is correspond to categories I and II in the IPCC reports. These 
mid/long-term targets could have an impact on discussion for short-term targets; e.g., post-Kyoto regimes, in the 
United Nations Framework Convention on Climate Change. We can characterize the discussion of these types as 
top-down approach. 
In contrast an example of bottom-up approach is Asia-Pacific Partnership of Clean Development and Climate 
(APP) that aims to address air pollution, energy security, and climate change by promoting the development, 
deployment, and transfer of cleaner and more efficient technologies. Many efforts have been done for the purpose of 
emission reductions; however, global CO2 emission has been rapidly growing. The CO2 emission from fuel 
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combustion increased by 3.0% per year in six years from 2000 [2]. The reason, in short, is that coal is most suitable 
resource for power generation and primary steelmaking from the viewpoint of economy and the security. The 
demands for electricity and steel are connected with economic growth particularly in developing countries. 
Under these circumstances, the assessments of cost-effective measures for CO2 emission reductions not only in 
the energy supply sectors but also in the energy intensive end-use sectors, particularly in the steel sector, are 
important for understanding the implication of emission reduction targets/visions. These assessments could reveal 
the relationships between bottom-up actions and top-down targets/visions.  
2. Energy Efficiency and CO2 Emissions in Iron & Steel Sector 
In the iron & steel sector it is clear that a route of electric arc furnaces using scrap (scrap-EAF) is less 
energy/CO2 intensive; however, the scrap-EAF has a limitation of scrap availability. A route of blast furnace and 
basic oxygen furnace (BF-BOF) is major process that does not depend on scrap. For deep emissions cuts in the BF-
BOF route, CCS is one of key technologies because a certain amount of coke is indispensable for a role of structural 
material in the blast furnace.  
A route of direct reduced iron and EAF (DRI-EAF) is also commercially available technology that does not 
depend on scrap. Shaft furnace of the DRI process has a limitation of scale; however, natural gas-based DRI-EAF 
has a lower range of CO2 intensive than a typical BF-BOF route. 
3. The model 
3.1 Overall framework of the global energy systems model DNE21+ 
We have developed a global energy systems model, which we called DNE21+, taking into consideration regional 
differences. The model disaggregates the entire world into 77 regions, and covers a time range up to 2050. The total 
global cost of energy systems is minimized over the time period from 2000 to 2050. The analysis results of DNE21+ 
are consistent across global regions and between the energy supply sectors and end-use sectors. As the vintages and 
lifetimes of the facilities are taken into account, the trajectory of technological change shall be a practical one. 
3.2 Iron & Steel Sector 
Ten types of steelmaking routes are modeled based on commercialized steelmaking process in various regions 
and current R&D progress, e.g., IEA[3], Birat[4], Daniëls[5] and METI[6]. Table 1 shows the outline of energy 
efficiency and facility costs in this study. 
Table 1: Assumed energy efficiency and capital cost for the steelmaking routes 
Energy consumption/recovery 
(GJ or kWh/t-crude steel) 
Facility costs 
(US2000$/(t-
crude steel/yr))
BF-BOF steelmaking process 
Type I: low-eff. BF (BOF and  
open hearth furnace) †
Coal 29.9GJ, Heavy oil 1.2GJ, Elec 490kWh 276.2 
Type II: middle-eff. † Coal 26.9GJ, Heavy oil 0.2GJ, Elec 465kWh 295.4 
Type III: high-eff. † Coal 24.1GJ, net energy recovery 4.5GJ, Elec 364kWh 386.5 
Type IV: high-eff.  
with  next –generation coke oven 
Coal 22.5GJ, net energy recovery 4.5GJ, Elec 364kWh 377.1 
  + CCS facility (0.6tCO2/tCS)  Coal 22.5GJ, net energy recovery 4.1GJ‡, Elec 457kWh‡ +52.5 
   
Scrap-based EAF steelmaking process   
Type V: low-eff. (EAF and  
induction furnace) 
Heavy oil 3.6GJ, Elec 623kWh 143.0 
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Type VI: middle-eff.  Heavy oil 2.5GJ, Elec 551kWh 174.0 
Type VII: high-eff. Heavy oil 3.6GJ, Elec 623kWh 183.7 
   
DRI-based EAF steelmaking process 
Type VIII: middle-eff. Gas 15.9GJ, Elec 705kWh 374.3 
Type IX: high-eff. Gas 12.1GJ, Elec 695kWh 438.1 
Type X: high-eff. (H2 use) †† H2 12.1GJ, Elec 695kWh 438.1 
† Retrofit measures are explicitly modeled. The values exclude effects of these retrofit measures. 
‡The values in 2030. Energy Efficiency improvement are assumed to proceed with time.
†† The values exclude energy consumption and facility cost for H2 production. 
We have also referred various processes including innovative technology, e.g., Circofer, Circored, Corex, 
Cyclone Converter Furnace, Finex, Fastmelt, Fastmet; However, this study focuses on the ten types of steelmaking 
routes shown in Table 1due to availability of facility cost and uncertainty of energy efficiency progress. 
See Akimoto et al.[7] and Oda et al.[8] for a detailed description of DNE21+ modeling. 
4. Model Simulation Results 
4.1 Simulation cases 
No climate policy case and two policy cases are studied as shown in Table 2. In the two policy cases cost-
effective measures are ideally selected as emissions trading are allowed in global scale inside the model. The global 
CO2 emissions in 2004 had reached 26.3 GtCO2/yr and the 50/50 case means 50% reduction compared to emissions 
level in 2004. 
Table 2: Assumed simulation cases 
Case Climate Policy Constrain of Global CO2 Emission in 2050 
Reference No Climate Policy None 
550 ppmv 550 ppmv CO2-only stabilization 33.7 GtCO2/yr 
50/50 Halving global CO2 emissions by 2050 13.1 GtCO2/yr 
4.2 Model results and discussions 
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                             Reference                                           550 ppmv                                               50/50 
 
Fig. 1: Global CO2 Emission and Storage 
Fig. 2: Global primary energy production 
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Fig. 3: Global electricity production 
Note: Shadow areas mean CCS facilities. 
 
 
 
Fig. 4: Averaged CO2 intensity of global electricity production in 2050 
 
 
                           Reference                               550 ppmv                                    50/50 
 
Fig. 5: Global steelmaking capacity 
Note: Shadow areas mean type IV, High-efficiency BF-BOF (next-generation coke oven), with CCS facilities. 
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(a) Marginal costs of CO2 reductions by case                            (b) Additional energy systems costs  
compared to reference case (world total) 
Fig. 6: Cost summary 
                             Reference                                            550 ppmv                                                 50/50 
Fig. 7: Global CO2 emissions/reductions structure in iron & steel sector in 2050 
Note: CO2 emission per ton of crude steel production includes indirect CO2 emissions from grid electricity. 
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5. Conclusions 
This paper analyzed cost-effective measures under exogenous CO2 constrains with using DNE21+. The results in 
the 50% reduction by 2050 (20/50) case require radical diffusion of technologies: almost fossil-fuel and bio-fuel 
power plants have CCS facilities and averaged CO2 intensity of electricity production is below zero in 2050. The 
carbon storage capacity is 17.7 GtCO2/yr in the results. This is equivalent to 75% emission of global CO2 emission 
in 2000. 
The results in the 550 ppmv CO2-only stabilization case also require CCS technology diffusion both in power 
and iron & steel sectors. R&D efforts for CCS technologies and technological progress are essential even if major 
countries agree to realization of 550 ppmv CO2-only stabilization. Discussion for global emission target/vision 
should explicitly consider the economical and social feasibility of technology diffusion. 
In the iron & steel sector R&D efforts of blast furnace and basic oxygen furnace steelmaking process are need for 
robust energy saving and CO2 emissions reductions in global scale. Enhancing scrap recovery has a large potential 
for emission reductions. The marginal value of substitution from BOF steel to EAF steel can reach 45 US2000$/tCS
and 396 US2000$/tCS in 550 ppmv and 50/50 cases, respectively. However, these potentials do not imply direct 
implication because policy measures for scrap recovery have been down. Material flow analysis of iron scrap will be 
one of future works. 
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